Dust storms are among the most important weather phenomena in Middle East.
Introduction
Mineral dust is a significant contributor to atmospheric aerosol [1] . It affects: health [2] , horizontal visibility [3] , transportation, agriculture, cloud nucleation, solar economy, nutrition for terrestrial and marine ecosystems [4] , and significantly reduces the air quality [5] . On account of its optical properties and its mineral composition, it influences i ly h ph ' i i b g [6] . Hence, it generally plays a cooling effect since it reflects the radiation back to the space and may reduce the efficiency of solar devices [7] . Changes in radiative forcing have an effect on the monsoonal circulation and such changes induced by dust storms can have a major influence on the strength of the monsoon which in turn plays an important role in climate and weather of Middle East [8] .
Mineral dust is a dominant atmospheric aerosol and is contributing more than half of the total global aerosol burden [9] . A dust storm is internationally defined as a dust-raising event that reduces visibility to below 1000 m [10] . Dust storms form in semi-arid and arid regions where small dust (and sand) particles are literally blown through the air. The dust production mechanism is based on the viscous/turbulent mixing, shear-free convection diffusion, and soil moisture [11] . Dust particles are small enough to be lifted aloft by currents of turbulent air and carried into suspension [12] . Although the pressure pattern is favorable for raising dust into the atmosphere, it appears that the influx of cool air aloft adds to the effects of the strong surface heating. Ginoux et al. [13] assume all topographic lows with bare ground surface to have accumulated sediments which are potential dust sources.
Horizontal pressure gradients in the existence of depression play an important role in generating dust storm [14] . This steepens the lapse rate and creates the instability necessary for lifting dust particles and keeping them suspended. Soil has three main size sets according to diameters, clay (<2 microns), silt (2-74 microns), sand (>74 microns) [15] . Dust and size with the strength of the wind required to lift dust into the atmosphere control the amount and duration of dust storm. The uplifting of particles smaller than 0.1 microns by air is limited by the adhesive and cohesive forces which tend to form larger particles or aggregates [13] .
Dust storms lift millions of tons of dust into the atmospheric boundary layer [16] . Their estimated global emission ranging from 1000 to 3000 Mt yr -1 , and an average atmospheric dust load ranging from 8 to 35 Mt yr -1 [9] .
Dust is moved by the prevailing winds and transported vertically by convective processes, as well as adiabatic vertical motion related wi h f l y A ph i l h E h' surface through both molecular and gravitational settling (dry deposition) and wet deposition with precipitation [17] .
Many studies have been conducted to investigate the dust storms in Iraq. For instance, Omar Khaleed (in 2009) carried out a study to identify the sources of dust storms in Iraq and the surrounding countries by using factor analysis of aerosols data (aerosols index) and satellite infrared and visible images. It was found that the aerosols index is ranging from 40 in the northern area to 50 in the southern area of Iraq [18] . Another research work was done by Muhanad Khudur (in 2014) focused on the study of the impact of dust phenomena on solar energy that received in Iraq and its effect on the solar systems [19] . Sama Al-Dabbagh (in 2015) used BSC-DREAM8b model to simulate dust outbreaks cases. The results of the study are evaluated to verify the model performance [20] .
In this paper, a dust storm case study which happened on the morning of 20 March 2016 was comprehensively discussed. The study dealt with the dust storm from many aspects: synoptic analysis, satellite imagery, dust concentration analysis, visibility reduction, and dust aerosols optical depth analysis.
Major dust storm in Iraq and Arabian Peninsula
Iraq is one of the most affected countries in the Middle East concerning the occurrences of dust storms and it is also an important source of dust storm north of Arabian Peninsula (AP) [21] . The Ministry of Environment, in Iraq recorded 122 dust storms and 283 dusty days, and sources suggest that within the next ten years Iraq could witness 300 dusty days and dust storms per year [12] . MODIS satellite images between 2003 and 2011 showed that nearly 60 dust storms occurred in the Middle East. Amongst these, 48 dust storms were just spread over Iraq. The analysis of the MODIS satellite images showed that the dust storms from the Tigris-Euphrates alluvial plain may affect more than 10 countries in the Middle East [22] .
Generally, in the Middle East, dust activity peaks in the late spring and summer and being minimum in the winter [22, 23] . The results which were presented by Kutiel and Furman [7] placed the Middle East as one of the regions most affected by dust in the world, next to Africa. Eastern Syria, northern Jordan, and western Iraq are the sources for most of the fine dust particles found in the Middle East dust storms [24] .
The climate in West Asia (including AP) is largely influenced by three pressure systems: the Siberian anticyclone in winter over central Asia; the monsoon depression in summer over the Indian subcontinent; and the low pressures coming from the Mediterranean Sea in winter and spring [17] .
Although dust storms can take a variety of shapes and forms, there are three main types: Shamal, frontal, and convective. The most common type across the Arabian Peninsula (AP) is the Shamal, which is a strong north-northwesterly wind, capable of lifting dust from the Tigris-Euphrates basin and transporting it to the Persian Gulf and other parts of AP [25] . In summer, this Shamal wind is strong and causes surface dust emission which can last for several days in a row, strengthening during the day and weakening at night. In fact Shamal dust storms can happen all over the year, including the winter [26] . The dust storms caused by frontal system have still been less studied than the shamal dust storms. These storms are common in winter and spring and primarily triggered by dynamical lifting, which is related to cold fronts and their associated mid-latitude troughs; in contrast to summer, where dust storms are related to the diurnal vertical mixing, which is related to solar heating [27] . The standard mid-latitude cold frontal system associated with strong pressure gradients that progressively move across the AP and endure for 24-36 hours [28] . The frontal dust storm is on a larger scale than others. It is a dynamic synoptic system that mixes the dust in the air and carries it for great distances [15] .
Methodology
Iraq is located in the northeast of the Arabian Peninsula (AP) and has a 39% of its area as a desert [29] . The AP is surrounded from the north by Taurus Mountains, and Zagreus Mountains from west of Iran. For the Saudi Arabian region, the Jordanian and Syrian mountains lie to the northwest, the Al Hijas and Asir ranges to the southwest, while the Hadramaunt Mountains lie to the southeast [30] . The lack of precipitation in the inland regions of the AP provide a suitably dry surface region comprised of sand, clay and fine silt, ideal for the formation of dust storms [28] . In Figure-1 , Region 1 is the Fertile Crescent region that located between Tigris and Euphrates river deltas and flood plains. The Fertile Crescent is a source region comprised of alluvial fans and dry flood plains containing a mixture of clay and silt particles [30] . [30] .
Figure1-Arabian Peninsula dust sources
In this paper, a study case of a severe dust storm which broke out in a large area of Iraq in the early hours of 20 March 2016 was discussed comprehensively. By considering the unique conditions of the different regions regarding the synoptic features associated with dust events, the dust storm was investigated from many perspectives: synoptic, dust concentration analysis, aerosol optical depth, and satellite imagery. The visibility reduction during this event had reduced to less than 100 m before it gradually improved at afternoon.
The way which will be adopted to in this work comprises many aspects: Synoptic analysis of the meteorological data and pressure systems, weather imagery, discussion of aerosol optical depth and concentrations, visibility reduction, and vorticity.
Results and Discussion
In the analysis of this storm, it is important to first look one day ahead of the onset of blowing dust and a day after in order to track the synoptic situation leading up to the event.
A. Synoptic Analysis
Figure-2 shows graphs of the hourly soundings of sea surface pressure, air temperature, and wind speed, respectively of Baghdad weather station within three days, 19, 20, and 21 March 2016. The first graph of sea surface pressure Figure2-(a) clearly shows a discontinuously trend of a small increase followed with noticeable decrease at 0900 UTC on 20 March. On the other hand, temperature graph March. The existence of a frontal system is essential to emit the dust at the cases which include not very high wind speed. All these graphs suggested a cold front passage. The dust storm was prefrontal type since it happened in advance to the front passage over Baghdad at 0900 UTC. The dust was initiated over the Syrian Desert before crossing the Iraqi borders with a cyclonic activity of the low pressure system as will be explained later. These graphs plotted based on NCEP dataset [31] . In Figure 3 -(a), there is a low pressure system moving eastward coming from the Mediterranean Sea to replace the high pressure above Iraq. As the low pressure move more to the east, a close vortex turn to be closed at the western borders of Iraq. The pressure tendency during the previous 6 hours was about 1.7 hPa per hour which is significantly large. At the time of the dust storm (06 UTC) on 20 March (See Figure 3 -(c), the low pressure closed system is still spinning on the same area. This setting allows for more emission of dust from the Syrian Desert. As it is clear from the chart, the wind directions are mostly southerly with more than 20 knots. During this dust event no significant precipitation was recorded. The pressure gradient was ( . The existence of a low pressure system with a cold front offered a near surface mechanism to uptake sand and dust particles from the soil. The high pressure gradient strengthened the wind intensity that assists the dust mobility. The cold front triggered the dust storm by maintaining the horizontal and vertical advection. According to Perrone [32] , the southerly flow ahead of the advancing cold front gradually increases in intensity with time as the cold front approaches. These winds activate dust particles in the source region and commence the dust storm process. The turbulence contributed in lifting the dust particles upward. Small particles of dust particles need a high threshold wind value to break the rather strong cohesion force keeping small particles together. At this point, saltation is the dominant mechanism of up taking dust by the wind from the surface. Wind intensity in addition to the arid soil, sedimentary texture, and barren flat area of the west of Iraq together contributed in this dust event.
The prevailing wind during the dust storm was southerly which carried a huge amount of dust to pass through the tunneling track in the Mesopotamia northwestward alongside with Tigris-Euphrates Rivers. The turbulence and vertical advection lifted the fine dust particles upward before its transition through the free atmosphere to distant places from the source area. In Iraq there are many dust sources that could supply the dust storm with additional amounts of dust load, for instance, the region between Tigris and Euphrates rivers south of Baghdad. Because the dominant types of soil in Iraq are clay and silt, which are smaller in size than the sand, the dust would still suspended for more than 24 hours after the dust storm but with lesser concentration. The contour lines in Figure 3-(c) indicate an obvious trough that its axis goes between Crete and Cyprus in the Mediterranean Sea which imprints the existence of surface low pressure exactly above Iraq and suggests the slow movement of the low pressure system.
B. Satellite Imagery
Because most blowing sand and dust occurs over the open desert where there are few, if any, weather reporting stations, forecasting these phenomena was extremely difficult. Satellite imagery is clearly the best way to supplement what few observations there are. In our study, the low pressure system was accompanied by a vast cloud cover which unfortunately obscured an important part of the dust storm underneath. However, the satellite images can give a reasonable overview about the extent of the dust storm. The image from MODIS Dataset (namely, Aeronet) was selected for 20 March 2016 (see Figure-4 [33] . On 20 March, the dust storm was started from the eastern parts of Syria and extended into most of the Iraqi area. It is obvious that the dust storm is thick and easy to notice and discriminate. It is also worth it to say that the dust storm covered a large area which confirms the previous claim that the dust is triggered by a frontal system. Dust storm shape in western of Iraq (Fig.4) gives the impression that the orientation of the wind was northwest and that the source of the dust storm was generated in the east part of Syria.
C. Dust Concentration Analysis
Dust surface concentrations dataset of the NA-ME-E (Northern Africa -Middle East -Europe Regional Center) (2016) was investigated as a reliable alternative of the ground based instruments. Figure- 
D. Comparison of the Regional Dust Concentrations
Daily Maximum Dust Concentrations values that were estimated by the four models were used to investigate the dust concentrations for Iraq and some surrounding countries [34] . The values were listed in Table-1 
E. Visibility Reduction
Visibility is one of the most determining factors in describing the dust storms. If the visibility reduces to less than 1000 m due to a dust event, the condition is called a dust storm.
An Experimental relationship between the dust concentration (C) and the visibility reduction ( was found by Shao et al. [35] for the range of very low visibility under 3.5 km:
where C is in [ ] and in [km] According to this relationship, the concentration values corresponding to the visibility reduction can be visualized as in Figure-7 .The graph shows that the low visibilities under 0.5 km are associated with a large rise in dust concentrations. A value of dust concentration of 3800 is associated with a 1000 m visibility. It can be considered this value of concentration above 3800 is an indication of the existence of a dust storm. Equation (1) suggests that (BSC_DREAM8b and NMMB /BSC-Dust) models are better in simulation of dust storm values than the others. Hence the equation can be used in Iraq to give approximate estimates of dust concentration in the weather stations that do not have dust concentration measurements. 
F. Dust Aerosol Optical Depth Analysis
Measurements of aerosol optical depth (AOD), are based on the fact that the particles change the way the atmosphere reflects and absorbs visible and infrared light. An optical depth of less than 0.1 (palest yellow) indicates a crystal clear sky with maximum visibility, whereas a value of 1 (reddish brown) indicates very hazy conditions [36] . Dust storms obscured the earth surface underneath giving AOD even more than 1.
The aerosol optical depth (AOD) was investigated and analyzed in this study for the same period (19-21 March 2016) for Iraq. As it is clear in Figure- 
G. Vorticity and Potential Vorticity
An investigation was made to study the relative vorticity ( h ly "v i i y") and the potential vorticity, as well. The data was acquired from the dataset of the European Center for Medium-Range Weather Forecasts (ECMWF) [37] and analyzed by Panoply application to display the vorticity and potential vorticity at 500 hPa upper level (see Figure-9 and Figure-10 ).
Vorticity is a measure of spin about the vertical axis. The positive vorticity is the counter-clockwise rotation and the negative vorticity is the clockwise rotation. The positive vorticity is associated with a vertical uplift of the air in the low pressure system [38] . In Figure-9 the yellow and red colors represent the high positive values of vorticity (cyclonic rotation) whereas the bluish colors refer to the low values of vorticity. The dark blue color refers to the negative vorticity (counter-cyclonic rotation). As it is clear from Fig. 9 , that there is an area of high positive vorticity coming from the east of the Mediterranean Sea and moving eastward on 20 March 2016 ( Fig. 9 a,b,c) . This high positive vorticity is accompanying the upper level trough in our case study. It is well known in meteorology that the surface low pressure system is located to the east of the trough of the 500 hPa upper level. This means implicitly that the surface low pressure system at 06 UTC and 12 UTC on 20 March 2016 is exactly above Iraq. The vorticity is a useful parameter to indicate the shortwave troughs that are embedded within the long waves in the atmosphere. Hence, the pattern of vorticity in Fig. 9 confirms the effectivity of the low pressure system that causes the dust storm. The patterns also show that there is a frontal system which is a robust factor in most of the dust storms.
The potential vorticity is the specific volume times the scalar product of the absolute vorticity vector and the gradient of potential temperature [38] . In Figure-10 the potential vorticity graphs show similar patterns of that of vorticity graphs. However, potential vorticity implies the effect of the surface terrain such as the mountains. In our case study, the Lebanon Mountains must have its own effect. One should take care of the rate of change of the potential vorticity more than the value of the potential vorticity itself since it is associated with the vorticity advection in the downwind flow. In this case study the vorticity advection in the downwind flow is positive and estimated to be about (2.7×10 -4 K m 2 /kg s) along a distance of about 500 km (the distance between the darkest color and the light blue of the vorticity system in Fog. 9b for example. This high value suggests a high positive vorticity advection in the downwind flow and also a high value of divergence east of the system which leads to a significant updraft. 
Summary and Conclusions
Dust storms are among the most important phenomena in Iraq and Arabian Peninsula and causes hazardous effects on health and the economic and social activities. In this study a comprehensive case study was conducted to a dust storm that occurred on 20 March 2016. The routinely surface weather data for hourly measurements for three days showed a discontinuity in wind speed, temperature and pressure soundings at the time the front moved above Baghdad. The high pressure gradient and the lifting mechanism achieved by cold front contribute in up taking dust and moving it to distant places. The dust image shows clearly that the dust storm was initiated on the Syrian grounds before entering Iraq with the aid of gradient wind and cold front movement. Dust concentrations and dust aerosol optical depth were also discussed. They simulate the dust storm over Iraq in a reasonable way with some differences. The dust concentrations gradually increased in the morning of 20 March to become within which is certainly a high value of such parameter. Testing of the dust concentration by using the products of four models to Iraq and some surrounding countries showed significant increased concentrations in Iraq. An experimental relationship to calculate the dust concentration from visibility data was tested and gave reliable values. Aerosol optical depth (AOD) offered a good means to quantify the dust storm coverage and movement. The values of AOD increased from 0.2 on 19 March to 1.6 at the time of the dust storm which certainly indicating that the dust obscure the ground. Additional investigation was done by using the relative vorticity and the potential vorticity. For relative vorticity, the results show that there is an area of high positive vorticity coming from the east of the Mediterranean Sea and moving eastward. The high value of vorticity in our case study affirms that there are upper shortwaves are responsible of strengthening of the low pressure system in at the surface. Potential vorticity advection was estimated to be about (2.7×10 -4 K m 2 /kg s) along a distance of about 500 km. The high value of positive vorticity advection suggested a high value of divergence east of the system which lead to a significant updraft. 
